Abstract-The coating of a silica optical fiber with molten tin metal is analyzed rigorously by developing a numerical method based on two-and three-dimensional (2-and 3-D) conduction models. In the analysis, the axial temperature distribution in both the fiber and coating is obtained in terms of the depth of the melt and the fiber draw speed. A coating applicator has been designed for tin (Sn) coating and fibers with a coating thickness from 5 to 20 m were fabricated with draw speeds ranging from 50-150 cm/s. The numerical model was found to be in agreement with the experimentally obtained results for various coating conditions and fiber drawing parameters. It is shown that for tin, a low-melting-point metal, the freezing takes place primarily within the coating applicator. As a result of the presence of this "subcoating," additional coating occurs as the fiber leaves the applicator. Since this tin coating is hermetic, a mean failure strength of 8 GPa is measured for these tin-coated fibers by the two-point bending technique rather than the 5.5 GPa normally found for polymer-coated fibers.
I. INTRODUCTION
A S massive deployment of silica optical fibers continues, mechanical stability becomes an important issue in providing long-term reliability for optical communication networks. The coating is an essential part of the optical fiber which affects its long term reliability. Various materials such as polymers, metals and carbon have been applied to silica optical fiber, and their durability in harsh environment has been tested [1] - [6] . Ultraviolet (UV)-curable polymers [1] are commonly used as a coating material because of advantages of high coating speed and low microbending loss. However, polymer-coating materials are permeable and the fiber surface quickly becomes equilibrated with moisture in the ambient. This moisture contributes to slow crack growth and consequent delayed failure (fatigue) of the fiber, thus controlling the longterm mechanical reliability of the fiber system.
To improve the static fatigue resistance of optical fibers, metallic coatings have been studied. While metal coatings have been applied in several different ways, the most successful technique is the dip-or melt-coating technique. Such coatings can allow higher use temperatures than most polymers, and since metals applied in this way are impermeable to water, fatigue is essentially eliminated. The main drawback in the use of these melt-applied coatings is the fact that they show large added optical losses. The difference between polymercoating and metal-coating application is shown schematically in Fig. 1 . The formation of a film coating of liquid polymers on a silica fiber is essentially one governed by the fluid dynamics of the system [1] . In contrast to polymers, many molten metals do not wet silica. In addition, the viscosity of metals is low and the surface tension is high relative to polymers, and thus the principles involved in the two coating processes are completely different. In the case of metal melt coating, there are two distinct steps involved: 1) freezing of the molten metal surrounding the fiber in the coating applicator, resulting in a layer called the subcoating and 2) meniscus formation of the molten metal at the end of the coating applicator, producing an added layer called the outer coating [2] - [3] . Recently, Biriukov et al. [7] further developed the early work of Arridge and Heywood [3] for aluminum dipcoating and confirmed that freezing within the applicator is the essential mechanism. Their analysis, however, was based on a one-dimensional (1-D) conduction model and did not include the following important physics: the effect of phase transition between molten metal and solidified metal; the heat conduction along the optical fiber axis in the coating applicator; and the initial fiber temperature variation in terms of drawing speed before entering the coating applicator. In the present study, for a rigorous analysis of the coating mechanism, the initial temperature of the fiber entering the coating applicator was calculated using the method developed by Paek [8] for different drawing speeds. The effects due to the phase transition in the metal and the heat conduction along the fiber axis were also considered using a three-dimensional (3-D) conduction model in order to analyze the actual heat conduction in the coating applicator. This 3-D heat conduction analysis of the metallic coating, including the variation of initial fiber temperature, has not been reported so far, to the best of our knowledge. By comparing the theoretical analysis and the experimental results for the dip-coating of tin (Sn), freezing within the applicator was also confirmed as being the essential mechanism for a low-melting-point metal on the silica fiber for the first time.
II. THEORETICAL FORMULATION OF COATING MECHANISM
In the dip-coating process, the freezing theory assumes that the cold section of fiber entering the molten metal bath freezes molten metal on its surface, forming a thin layer of solid metal. If the fiber is left in the bath for a sufficiently long period of 0733-8724/98$10.00 © 1998 IEEE Fig. 2 . The model geometry and coordinate system [10] . Region 1 is the fiber region, Region 2 is the frozen region called the "subcoating region," and Region 3 is the molten metal region. R(z; t) is the demarcation surface between solid and liquid phases and T i is the initial fiber temperature before entering the coating applicator maintained at the constant temperature T c . time, thermal equilibrium will be attained and the frozen metal will remelt. At high drawing speeds, the fiber can maintain a surface temperature lower than the melting point of metal, thus forming a frozen metal layer which is called as the subcoating. Once the subcoating layer is formed it can be further wet by the metal melt as it exits the applicator. Thus there is an additional buildup of liquid-phase metal which freezes on the partially coated fiber as it emerges from the applicator. This additional layer is called the outer coating. The layers of the subcoating and the outer coating are shown schematically in Fig. 2 .
Heat-conduction problems dealing with melting or solidification generally are referred to as phase-transition or movingboundary problems. For pure metals, there is a distinct line of demarcation between the solid and liquid phases called the melt line. Solidification or melting takes place at a specific temperature and the two phases are separated by a definite moving interface. Analytic solutions of problems involving phase change have been limited to a few idealized situations [9] neglecting convection heat transfer.
In this study, we take into account the conduction process for heat transfer in the liquid phase and develop a numerical solution to the moving boundary problem for phase transition of the metal.
A. Master Equations and Boundary Conditions Inside the Coating Applicator
When a fiber at a sufficiently low temperature passes through an applicator where a molten metal is stored, the metal is gradually frozen on the surface of fiber due to heat transfer from the molten metal to the fiber. The frozen boundary will expand in the and directions if the temperature of the fiber remains sufficiently below the metal bath temperature. Therefore, the variation of the freezing boundary layer is directly related to the initial fiber temperature, the molten metal bath temperature, the contact distance , and the thermodynamic properties of the silica fiber and the metal. The problem can be solved using the energy equation (1) (2) where , and are the density, specific heat, and thermal conductivity of the metal, respectively. It is assumed that these parameters are independent of temperature. The heat flux and the temperature are a function of , and . The coordinate system is shown in Fig. 2 . In (1), the left-hand term can be replaced with and . The righthand side term can be written in the axisymmetric cylindrical coordinate system as (3) where is the thermal diffusivity and is the fiber drawing speed. This diffusion equation is solved in three separate regions with different material constants using the subscripts 1, 2, and 3, as shown in Fig. 2 . The region 1 is Fig. 3 . The subcoating thickness variation along the fiber axis inside the coating applicator calculated by 2-and 3-D models. The drawing speed and the contact distance are 60 cm/s and 0.14 cm, respectively. the silica fiber of radius . The solid metal phase region is designated by the subscript 2 and the liquid metal phase region by the subscript 3.
The boundary condition at the interface between metal and fiber is given by (4) (5) where is the fiber radius.
Melting or solidification is assumed to occur at a definite temperature (melting point ), forming a distinct surface of demarcation between the two phases. This demarcation surface is presented as in Fig. 2 . The boundary condition at the demarcation surface is given as follows: (6) In the phase transition, latent heat is required for energy conservation. Considering the latent heat in the energy balance across the solid-liquid interface, we obtain (7) where is the latent heat of the metal and is its density at . Here, the density is assumed to be constant during melting or solidification. The term is the velocity of the demarcation surface in the normal direction (8) where is a function describing the demarcation surface separating the solid and the liquid regions, which is defined as . This moving boundary condition (7) states that the difference between the heat flux entering and leaving the solid-liquid interface is equal to the latent heat absorbed or released.
B. Two-Dimensional Conduction Modeling
In this section, the previously reported 1-D analysis [3] , [7] is improved by considering the axial distribution of temperature along the fiber and incorporating the variation of the initial fiber temperature. In the analysis we assume that a fiber with cross sectional radius is drawn with a constant speed through a coating applicator of depth filled with molten metal that is maintained at a temperature , the coater temperature . The 3-D steady-state heat conduction equation can be derived from (3) (9) Dimensionless coordinates are introduced as follows: (10) Equation (9) can be rewritten in terms of above normalized coordinates [10] as (11) where (12) In practice, because is order of mm while is 125 m. Thus, the second derivative term of in (9) is neglected as follows: (13) More rigorous analysis including the second derivative of will be explained in Section II-C.
In (4) between Region 1 (fiber) and Region 2 (solid metal), there is no variation of the boundary shape in the direction, and the derivative of in the gradient of vanishes. Therefore, the boundary conditions between Regions 1 and 2 are given as follows: (14) (15) Using (7) and (8), the boundary condition between Region 2 and Region 3 can be written as (16) In the steady state, the term can be reduced to , where the function describing the surface of the interface between solid and molten metal, becomes . If we assume that changes in the moving boundary surface depend only on the components of the flux difference, the dependent derivatives in the gradient and are zero. This approximation is reasonable since the fiber radius is much smaller than the contact distance. Then (16) is reduced to
Compared with the previous formulation of Arridge [3] and Biriukov [7] , (17) has the dependent term on the left-hand side. In this study the derivative of the phase demarcation surface in direction is also included for the first time.
Note that the temperature at the moving boundary is as in (6) (18) In addition to the boundary conditions (14) and (17), there are other boundary conditions related to the fiber and coating applicator geometry (19) (20) where is the coater temperature and is the coater boundary, . The physical parameters used for the numerical calculation are listed in Tables I and II . The procedure for calculating the initial temperature is explained in Section II-C. After obtaining the initial fiber temperature, the finite difference method was employed in solving the nonlinear differential equations with moving boundary conditions (13) . The thickness of the subcoating was analyzed in terms of the axial position and the fiber-drawing speed, and the results are plotted in Fig. 3 . 
C. Initial Fiber Temperature Before Entering the Applicator
The temperature of the fiber before it enters the coating applicator is an important parameter which determines the freezing efficiency of metal on the silica fiber. However, previous metal-coating studies neglected the fact that the fiber temperature is also a sensitive function of drawing speed. When a fiber is drawn from a solid preform heated in a furnace, a neck-down region is formed by the take-up mechanism of the fiber puller [8] . The schematic diagram is shown in Fig. 4 . When a fiber of diameter is drawn with a constant speed , part of the heat is conducted through the fiber and the remainder is dissipated to the surroundings by thermal convection. Since the fiber diameter is small, the transverse temperature differences at any cross section are negligible. In the evaluation of the fiber temperature in the drawing process, the heat transfer has been considered as a 1-D conduction problem.
When the origin is located at a point in the neckdown region, from which 1-D conduction can be assumed, the equation governing the temperature for the quasi-steadystate case of a bare fiber drawn at speed can be written
where is the heat transfer coefficient, the density, and the specific heat of silica fiber. All the physical constants are assumed to be temperature independent throughout the drawing process. The boundary conditions are at (22) at (23) where and are the softening point and the ambient temperature, respectively.
The conduction contribution, the second derivative of , in (21) is negligible because the fiber radius is small compared with the height of cooling region (atmosphere). The closedform solution for the initial fiber temperature, in the air cooling zone is given by (24) where is given by 7.2 10 3 cal/cm 2 s C [11] . The initial fiber temperature is calculated using above formula setting C, and the results are shown in Fig. 5 . These results are used as input data in the calculation with 2-and 3-D heat-conduction models.
D. Three-Dimensional Conduction Modeling
In this section, a detailed analysis of metallic coating in the 3-D case will be presented. In 3-D modeling, the heatconduction and phase-transition terms in the direction are included in the diffusion equation and boundary conditions that were ignored in the modeling of Section II-C.
For a moving fiber, the 3-D unsteady state heat conduction equation can be written from (3) as (25) And the boundary condition between the Region 2 and Region 3 obtained from (16) using is as follows: (26) It is often convenient to express the derivatives of on the interface in terms of the derivative of by using the chain rule (27) The other boundary conditions remain identical to those in Section II-B, i.e., (14), (18), and (20). Note that is a function of and in this modeling.
The steady state solution of (25) using the finite difference method, where terms are neglected, will have stability problems because of the diverging nature of dependent terms. To obtain stability of the numerical solution, (25) is numerically solved with the time derivatives included.
An iteration scheme was implemented utilizing the results of the 2-D conduction model to reduce computational time. In 3-D modeling, the temperature of the fiber needs to be specified at the exit zone of the applicator as well as at the top. The temperature of the fiber at the top of the applicator can be calculated as explained in Section II-C. The temperature of the molten metal at is given as . However, at the exit zone, extensive calculations should be repeated from the exit hole to a lower exterior point where the temperature of the coated fiber reaches equilibrium with ambient temperature. In order to simplify this problem, the temperature distribution at the exit zone was assumed to be equal to the results obtained from 2-D conduction model. The 3-D simulation results are compared with that of 2-D conduction modeling in Fig. 3 for the axial distribution of the subcoating thickness in the coating applicator.
The temperature distribution within the fiber passing through the applicator is plotted in terms of and in Fig. 6 . From this figure, we find that there exists a nonuniform temperature distribution within the fiber in the coating applicator. As the fiber reaches the exit zone, the heat flux from molten metal to the fiber decreases and the fiber temperature becomes uniform.
E. Stability of Solution
The convergence of the solution should be obtained in solving the nonlinear partial differential equation in the 2-D and 3-D modeling. In Fig. 7 , the filled square represents theoretical maximum subcoating thickness obtained from computer simulation for different mesh sizes. As shown in Fig. 7 , the numerical solution converges as the mesh number increases. The dotted line represents an exponential curve fit to illustrate the degree of convergence.
F. Outer Coating Applied at the Applicator Exit
Unlike the interface between the silica fiber and the molten metal, at the applicator exit the molten metal wets the subcoating layer completely. Therefore, a meniscus is formed which is a function of the metal viscosity and surface tension. This allows the formation of an outer coating on top of the subcoating. Fig. 9 . Variation of total coating thickness as a function of drawing speed and coater temperature, where contact distance is kept at 0.14 cm.
The calculation of the thickness for the outer coating is given in [7] . Assuming that there is no phase transition until the outer coating has reached its final thickness, the thickness of outer coating is approximately (29) where and are the viscosity and surface tension of the molten metal, respectively. Note that is the fiber radius, including the thickness of the subcoating calculated according to the 3-D model. The results are shown in Figs. 8 and 9 .
III. EXPERIMENTS
The metal coating applicator used for tin coating in this investigation is divided into three parts: reservoir; delivery tube; and guiding tip as shown in Fig. 10 . The reservoir is a heated pot which contains a supply of molten tin. A feed tube carries the metal from the bottom of the reservoir to the coating tip through a heating coil. In the end of the feeding tube, there is a thermocouple to control the temperature of coating material. The height of the metal in the reservoir is maintained manually throughout the experiment. The optical fiber draw tower is 8-m high and the maximum drawing speed is 5 m/s. The metal coating equipment was installed at 170 cm below the exit zone of the furnace. The quality of tin used as a coating material is about 99.87%.
The temperature of the coater was maintained slightly higher ( 10 C) than the melting point of tin (232 C). The contact distance (melt depth) was adjusted in the range from 0.1 to 0.2 cm. If the level of molten metal in the reservoir is too high, molten metal drips along the fiber through the exit hole of metal bath, while the coating thickness is negligible if the level is too low. The proper level is also related to the exit hole size. For an exit hole size of 700 m, the proper level was found to be 1.5 cm experimentally in our facility. In order to obtain continuous metallic coating, the cross-sectional area of the reservoir should be large and proper liquid level control is required to maintain the contact distance. Fig. 11 shows the tin-coated fiber which was drawn at 60 cm/s. The coater temperature was 245 C and the contact Fig. 10 . Schematic of the metal coating applicator. Fig. 11 . Tin-coated fiber at drawing speed 60 cm/s, coater temperature 245 C, contact distance 0.14 cm, and thickness 5.5 m. The tin-coated fiber diameter is 136 m and its bare fiber diameter is 125 m. distance 0.14 cm. The tin-coated fiber diameter is 136 m and its bare fiber diameter is 125 m.
IV. STRENGTH TESTS OF TIN-COATED FIBER BY BENDING
In order to determine the strength of tin-coated glass fiber, the failure stress was measured by two-point bending.
As shown in Fig. 12 , the measurement setup consists of a bent loop of fiber between two ground and polished face plates which are then brought together until fiber breaks. The fiber is held symmetrically between the face plates by clamping to the guide plate. Alternatively, since the fiber is coated, grooved faces may be employed.
The face plates are brought together by a dc motor which is halted when the fiber is broken. The failure stress is then calculated from the guide plate separation at fracture and the fiber diameter using the following equation [12] : (30) where is a fiber radius and the overall fiber diameter including any coating material , the separation of guide plates, and
Young's modulus of glass, taken in these calculations to be 70 GPa. While it is known that Young's modulus for silica is a function of strain, values at these levels of strain are unknown.
The failure stresses of polymer and tin-coated fibers measured by two-point bending technique are plotted in a Weibull chart in Fig. 13 . In this figure, the tin-coated fiber has a bare fiber radius of 62.5 m and a coated diameter of 136 m, and the polymer-coated fiber has 62.5 m and 245 m, respectively. One hundred randomly selected samples of tin and polymer coated fibers were broken at a strain rate 0.001 37 s 1 .
The mean strength of tin-coated fibers, 8 GPa, is almost twice that of polymer-coated fiber but is still substantially less than the theoretical strength. The maximum failure strength of tin-coated fiber is 10.5 GPa. Note that these fibers were drawn in ordinary laboratory atmosphere (60% relative humidity), and it is reported that the relative humidity in atmosphere prior to coating regardless of materials tends to increase the spread in the strength value in metal coating. The low Weibull value is in agreement with that found by Bubnov et al. [13] . They found a similar broad strength distribution when a tin-coated fiber was drawn in air of 50% relative humidity and tested at room temperature. Fibers which were drawn at lower relative humidities showed higher values. When the fibers were tested at liquid nitrogen temperature, all exhibited the same Weibull curve with a high strength and value. Their explanation, which seems reasonable, is that in twopoint bending strength tests, since a very small gauge length is tested, the "water" distribution along that tested length is not uniform, and it varies from sample to sample with greater variation for those fibers drawn at higher RH. This variation in "water" content gives rise to a variation in strength from sample to sample. The tests at liquid nitrogen all show the same high-strength and high-value because the activity of the water at the glass surface has the same low value regardless of its original activity.
V. RESULTS AND DISCUSSIONS
The subcoating thickness was calculated based on 2-and 3-D conduction models, and the results are shown in Fig. 3 . The subcoating thickness increases rapidly, reaching its maximum within 0.05 cm from the top of the coater for the given conditions. Thermal equilibrium between the molten metal and the frozen layer is followed after the peak and the thickness of subcoating gradually decreases. This analysis confirms the contact distance range from 0.1 to 0.2 cm used in our experiment is valid for the coating thickness of the order of microns. The main difference between the 2-and 3-D model analysis is the growth rate of subcoating in the coater. Three- [12] . The parameter F is driving force for breaking a fiber and D the separation of guide plates. dimensional analysis shows a more gradual growth, but at the exit zone the models predict almost identical behavior.
The growth and remelting of the subcoating can be understood by analysis of the fiber temperature in the coater. The radial temperature distribution in the optical fiber was calculated for different axial positions in the coater, and the results are shown in Fig. 6 . The temperature of fiber rises from the initial fiber temperature 22 C to the melting point of tin 232 C as the axial position increases. The radial temperature profile shows that at the top where is near zero, there is abrupt temperature gradient producing rapid growth of frozen layer. At the exit zone where is near 0.14 cm, the whole cross section of silica fiber is in thermal equilibrium with the molten metal and the frozen solid metal layer is remelted, reducing the subcoating thickness.
The dependence of metal coating thickness on the drawing speed, the contact distance, and the coater temperature was analyzed using the 3-D conduction model for subcoating calculation and meniscus formation for outer coating. The total coating thickness, i.e., the sum of the subcoating and the outer coating, was calculated as a function of drawing speed for various contact distances; the results are shown as dotted curves in Fig. 8 . The solid line is the result of previous studies that assumed a drawing-speed independent initial fiber temperature, set to 27 C, and the 1-D conduction model. Compared with the previous analysis, our numerical results show a more rapid growth of coating thickness in a lower drawing speed range ( 150 cm/s). The most obvious difference is seen in the higher drawing speed range ( 150 cm/s) where our numerical results show a decrease of coating thickness while the previous analysis shows a steady increase. According to previous analysis, the coating thickness is a monotonously increasing function of drawing speed. However, this result is based on a constant initial fiber temperature. Actually, as shown in 5 , the initial fiber temperature does increase rapidly for the drawing speed over 100 cm/s. A high initial fiber temperature decreases the freezing efficiency and, as shown in our analysis, the coating thickness should decrease. It is also noted that for each contact distance there is an optimal draw speed range that results in the maximum coating thickness, according to our analysis. The total coating thickness is plotted as a function of drawing speed for various coater temperatures in Fig. 9 . As the coater temperature decreases toward the melting point (232 C), remelting of the subcoating is reduced and the coating thickness increases. The total coating thickness is found to be very sensitive to the contact distance and to the coater temperature. This is due to the fact that the frozen layer is easily remelted with a long contact distance and at a high coater temperature. It is also found that there is a specific draw speed for a given contact distance and a coater temperature from which the coating process starts. For a longer contact distance and a higher coater temperature, the draw speed must be higher in order to start the coating process.
The experimental data of coating thickness are compared with the theoretical data in Fig. 14 . The parameters used in the experiment are as follows: the coater temperature of 245 C; the contact distance of 0.14 cm; and the level in the molten metal reservoir is about 1.5 cm. Total coating thickness in the range from 5 to 20 m was obtained for the drawing range from 50 to 150 cm/s. In previous metal-coating studies utilizing relatively high-melting-point metals, Al (660.37 C) has been confirmed experimentally as following the freezing mechanism. The freezing mechanism may have been a very natural conclusion because there are big differences in the melting point of those metals and the initial fiber temperature. Tin, however has low melting point whose value could be comparable to the initial fiber temperature for a high drawing speed (see Fig. 5 ). Thus the coating of a low-melting-point metal coating may differ from those of high-melting-point metal. In our study, the freezing theory based on the 3-D analysis and the drawing-speed-dependent initial fiber temperature predicted quantitatively the experimentally obtained coating thickness for tin. We confirmed that for tin, a low-meltingpoint metal, the critical step is the freezing of the subcoating in the coating applicator. A secondary layer is shown to build up as the fiber exits the applicator. The understanding developed here may be applied to the analysis of coating with different metals and metal alloys.
VI. CONCLUSION
A rigorous analysis of the metal-coating mechanism was formulated based upon the drawing-speed-dependent initial fiber temperature and 3-D conduction modeling. The effects of the contact distance, the coater temperature, and the drawing speed on the total coating thickness were analyzed. At a high drawing speed, our analysis shows a decrease of coating thickness contrast to previous results. Experimentally measured parameters proved that the freezing within the coating applicator is the main mechanism for tin coating, a lowmelting-point metal. A secondary thickness is developed as the fiber exits this applicator. 
